INTRODUCTION
Autophagy is a naturally occurring degradation process in cells that help removing erroneously folded proteins or protein aggregates, as well as the excessive or defective organelles for reuse of the components [1] [2] [3] . It occurs constitutively or in response to internal or external stimuli [4] . Upon nutrient deficiency, autophagy is activated to provide energy and materials for cell survival [1] .
Autophagy plays an essential role in cell growth, development, differentiation and homeostasis in various organisms [1, 5] , and is also implicated in certain diseases, including diabetes and neurodegenerative diseases [6, 7] .
As the producer of insulin, pancreatic beta-cells are a place where large-scale protein synthesis and degradation occur. Basal level of autophagy is involved in the mechanism underlying dynamic protein turnover [1] and is supposed to be essential for maintaining the architecture and function of normal beta-cells. Besides, autophagy is markedly up-regulated in beta cells of diabetes patients [6, 8] .
Autophagy is a double-edged sword for the survival and functioning of pancreatic beta-cells [1, 2] . It serves as a pro-survival mechanism; But unbalanced autophagy may lead to cell death as in the case of autophagic cell death, also refered to as type II programmed cell death in which extensive autophagic degradation of Golgi apparatus, polyribosomes and endoplasmatic reticulum occur [9] .
Palmitate-induced apoptosis was aggravated when autophagy was inhibited in the INS-1 cells, while it was alleviated upon autophagy activation [10] . In autophagy deficient mice with conditional knockout of the essential autophagy gene Atg7 in beta-cells, signs of type 2 diabetes were observed, including beta-cell degeneration, glucose intolerance and reduced insulin secretion, suggesting a protective role of autophagy against diabetes [1] . Jung and Lee also reported a protective role of auto-phagy by demonstrating that Atg7 deletion in pancreatic beta-cells resulted in increased apoptosis and receded beta-cell mass and insulin secretion [4] . Furthermore, autophagy may also serve as a useful mechanism for eliminating damaged mitochondria and other cellular structures to prevent cell death [11] . Despite the beneficial role of autophagy, deregulated autophagy is proved to be detrimental to beta-cells.
Pancreatic beta-cells in patients with type 2 diabetes present signs of autophagy and cell death without obvious DNA condensation, indicative of autophagic cell death, which may contribute to the loss of beta-cell mass [9] .
As blockers of ATP-sensitive potassium (K-ATP) channels, glibenclamide and other sulfonylureas have been used to treat type 2 diabetes via stimulating insulin secreation. But long-term insulin secretory failure has been observed with many patients treated with these drugs [12] . The reason might be that they induce apoptosis of pancreatic beta cells, as indicated in our current work with glibenclamide in rat insulinoma INS-1 cells. But is autophagy involved in glibenclamide-induced cell death? Or is it a protective mechanism against the otherwise severe cell death? In our current work, we tried to figure out if glibenclamide induced autophagy and thus affected apoptosis in INS-1 cells.
Microtubule-associated protein 1A/1B-light chain 3 (LC3) is a soluble protein distributed ubiquitously in cells. During autophagy, autophagosomes engulf cytoplasmic components, including cytosolic proteins and organelles. Concomitantly, a cytosolic form of LC3 (LC3-I) is conjugated to phosphatidylethanolamine to form LC3-phosphatidylethanolamine conjugate (LC3-II), which is recruited to autophagosomal membranes. Autophagosomes fuse with lysosomes to form autolysosomes, and intra-autophagosomal components are degraded by lysosomal hydrolases. At the same time, LC3-II in autolysosomal lumen is degraded. Thus, lysosomal turnover of the autophagosomal marker LC3-II reflects autophagic activity, and detecting LC3 by immunoblotting or immunofluorescence has become a reliable method for monitoring autophagy [1] .
Mammalian target of rapamycin (mTOR) is a multifunctional regulator which is also involved in the inhibition of autophagy [13] [14] [15] [16] [17] . As one of the substrates of mTOR, p70 S6 kinase (p70 S6K) is phosphorylated upon mTOR activation. Hence elevated protein level of phosphorylated p70 S6K (p-p70 S6K) is regarded as one of the indicators of mTOR signaling [18] [19] [20] [21] . In our experiments, we tried to find out if mTOR pathway was involved in glibenclamide-induced autophagy in INS-1 cells.
We also studied the effect of glibenclamide-induced autophagy on apoptosis and cell viability in INS-1 cells via knocking down the autophagy gene Atg7 and then evaluating the extent of apoptosis and cell death upon glibenclamide treatment.
MATERIAL AND METHODS

Cell Culture
INS-1 rat insulinoma cells were maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum and 50 μM 2-mercaptoethanol, and cultured at 37˚C with 5% CO 2 . Upon drug treatment, the medium was removed and appropriate amount of drug stocks were added into fresh medium, mixed and added into the plates with cells for further culture at 37˚C with 5% CO 2 for another 24 or 48 hours.
Antibodies and Reagents
LC3B antibody (CST 2775), p70 S6 Kinase antibody (CST 9202), phospho-p70 S6 Kinase (Thr389) antibody (CST 9205), Atg7 antibody (CST 2631) and PARP antibody (CST 9542) were purchased from Cell Signaling Technology (USA). Monoclonal mouse anti-GAPDH antibody (Cw0100) was provided by Tiangen Biotech Co., Ltd. (Beijing, China). LY294002 (Cat No. S1737) was obtained from Beyotime Institute of Biotechnology Co., Ltd. (China). Chloroquine diphosphate salt (C6628) and Bafilomycin A1 (B1793) were provided by Sigma Aldrich (USA).
Glibenclamide standard substance was from National Institutes for Food and Drug Control (Beijing, China) and was dissolved in DMSO to prepare a 200 mM stock solution. Upon cell treatment, the stock solution was diluted with medium to prepare 0.1,1 or 10 μM of work solutions, with the same amount of DMSO diluted in medium as control. Negative control siRNA and siRNA targeting rat Atg7 (5'-GCAUCAUCUUUGAAGUGAA-3') were provided by GenePharma Co., Ltd. (Shanghai, China). Transfection regent X-tremeGENE was purchased from Roche (Germany).
LC3 Immunofluorescence Confocal Microscopy
INS-1 cells were seeded and treated with or without glibenclamide on coverslips in 24-well plates. After a four-hour treatment, cells were fixed with 4% formaldehyde in PBS for 15 minutes at room temperature and permeabilized with ice-cold 100% methanol for 10 minutes at −20˚C. After blocked with 1X PBS/5% normal goat serum (Cell Signaling Technology)/0.3% Triton X-100, cells were incubated with LC3 antibody (Cell Signaling Technology) at 1:400 dilution overnight at 4˚C and Alexa Fluor ® 488 Conjugated Anti-rabbit IgG (Cell Signaling Technology) at 1:500 dilution for 1 hour at room temperature in dark thereafter. Nuclei were stained with 4',6-diamidino-2-phenylindol (DAPI, Sigma-Aldrich) for 5 minutes at room temperature. Cells were rinsed three times in PBS for 5 minutes after each step of the immnunofluorescence staining. The coverslips were mounted on glass slides for confocal laser scanning microscopy using Carl Zeiss LSM700.
Western Blot Analysis
After drug treatments, cells were washed once in cold PBS and then cellular proteins were lysed on ice in RIPA buffer (P0013C) (Beyotime, China) with 1% Protease Inhibitor Cocktail (Sigma P8340) for at least 30 min, then centrifuged at about 12,000 × g and the supernatants were collected for protein concentration determination. Western blot analysis was carried out as described by Liu XG [22] .
Briefly, cell lysates were resolved on SDS-PAGE and then transferred onto PVDF membranes (Millipore). The blots were probed with primary antibodies over night at 4˚C followed by incubation with horseradish peroxidaseconjugated secondary antibodies at room temperature for 2 hours. Finally the blots were detected with Super ECL plus Detection Reagent (P1010) (Applygen, Beijing, China) and exposed to X-ray film (Kodak).
SRB Viability Assay
Cells were seeded in 96-well plates. After 24 hours, cells were treated with drugs at indicated concentrations or were transfected with siRNAs for specified time durations. Cell viability was evaluated by SRB (Sulforhodamine B) assay following the procedures below: Pour off the medium and fix cells with 100 μl of cold 10% TCA (trichloroacetic acid). Incubate for 1 hour at 4˚C. Discard the supernatant. Wash the plates 5 times with deionized water and leave it to dry. Add 50 μl of 0.4% SRB solution in 1% acetic acid to each well. Shake 5 min on a microplate shaker. Wash the plates 5 times with 1% acetic acid and leave it to dry. Add 100 μl of 10 mM unbuffered Tris base (pH 10.5) to dissolve the bound dye. Mix for 5 min on a microplate shaker and read optical densities at the wavelength of 500 nm using a microplate spectrophotometer.
Statistical Analysis
Data were presented as means ± SE from at least three independent experiments and analyzed by Student's t-test with SPSS software. Differences at p < 0.05 were considered statistically significant.
RESULTS
Glibenclamide Induced Autophagy in INS-1 Rat Insulinoma Cells
Glibenclamide has been reported to induce apoptosis and we suspected that it might cause autophagy as well in pancreatic beta-cells. Therefore, we performed Immunofluorescence and Western blot analysis to detect autophagy activation. INS-1 cells were treated or left untreated with 0.1, 1 or 10 μM glibenclamide for 24 h, and were then subjected to LC-3 Immunofluorescence experiments and Western blot analysis probing the autophagy marker, LC3-II. As shown by the result, glibenclamide caused more gathered dots of LC3 in the cytoplasm (Figure 1(a) ) and elevated protein levels of LC3-II (Figure 1(b) and (c) ), indicative of autophagy activation.
As elevated protein level of LC3-II could reflect upregulated formation of autophagasomes, as well as blocked hydrolysis of the bound LC3-II on the outer membrane of autolysosomes due to retarded fusion of autophagasomes with lysosomes or blocked lysosomal hydrolysis [23] , we performed the glibenclamide treatment experiments under autophagy inhibitors to validate the autophagic flux. LY294002 is a specific inhibitor of PI(3)K, which is essential for the formation of autophagosomes [23] . When LY294002 was used in combination with glibenclamide, we found that glibenclamideinduced LC3-II accumulation was inhibited (Figure 2) . We also used two downstream inhibitors bafilomycin A1 and chloroquine, respectively, in combination with glibenclamide. Bafilomycin A1 inhibits the fusion of autophagosomes with lysosomes, as well as the acidification inside lysosomes. Chloroquine blocks lysosomal acidification. Both can inhibit the downstream step of autophagy, the degradation of the autophagic cargo, as well as LC3-II bound to the membrane of autolysosomes. The results showed that they caused significant accumulation of LC3-II upon glibenclamide treatment ( Figure  3) . Taken together, these results demonstrated that glibenclamide triggered an autophagic flux in INS-1 cells.
Glibenclamide Treatment Resulted in Decreased Phosphorylation of p70 S6K
To determine if the canonical autophagy inhibition pathway, mTOR signaling, was involved in glibenclamide-induced autophagy, we performed Western blot analysis to detect the activated form of mTOR substrate p70 S6K, namely phosphorylated p70 S6K (p-p70 S6K) upon glibenclamide treatment (Figure 4) . The results showed a dramatic decrease of the protein level of p-p70 S6K, indicating that an inhibition of the mTOR signaling might be involved in glibenclamide-induced autophagy.
Glibenclamide-Induced Autophagy Defended INS-1 Cells against Apoptosis
To elucidate the role of glibenclamide-induced autophagy for the survival of INS-1 cells, we inhibited auto- To further evaluate the impact of glibenclamide-induced autophagy on cell death, cell viabilities were determined with Atg7 knockdown. Upon glibenclamide treatment, Atg7 siRNA transfection resulted in decreased viability compared with that of the negative control siRNA (p < 0.05) (Figure 6 ), indicating that autophagy 
DISCUSSION
Glibenclamide used to be found to induce apoptosis in certain cell lines or animal models [12, [24] [25] [26] . This may in part explain its side effects on patients taking this drug for diabetes treatment. In the current study, we found that besides causing apoptosis, glibenclamide gave rise to autophagy, which may serve as a protective mechanism against apoptosis in INS-1 cells. This is the first time that a sulfonylurea is reported to be an autophagy inducer. And it's an intriguing expectation that the side effects of sulfonylureas could be alleviated via properly activating autophagy.
It has been widely observed that a common stimulator could simultaneously activate autophagy and apoptosis [10] , as in the case of glibenclamide on INS-1 cells in our experiments. Autophagy plays double-edged roles for the survival and functioning of pancreatic beta-cells. It serves as a defence against apoptosis in some circumstances, but may lead to cell death under other conditions [1, 2] . The decisive switch between beneficial and detrimental effects of autophagy has attracted much research interest these years, but still lacks a definite picture.
It seems that the cross talk between autophagy and apoptosis might be bridged by some common regulators [27] . Bcl-2 can interact with the autophagy regulator Beclin 1 and inhibit its function in autophagy activation [28] [29] [30] . The cross talk may also be the result of caspase-mediated cleavage of Beclin 1 [31] . Further more, it was recently found that the autophagy protein LC3B is also a positive regulator of apoptosis [32] . Therefore, it is likely that autophagy and apoptosis can act mutually on each other to cooperatively determine cell fate. In our study, glibenclamide-induced autophagy protected INS-1 cells against apoptosis. Though the underlying mechanism remains to be elucidated, it might be used as a model to study the mechanism of the protective roles of autophagy and the molecular links between autophagy and apoptosis.
Glibenclamide is a blocker of ATP-sensitive K+ channels. We need further experiments to investigate whether its effects on autophagy are carried out via blocking ATP-sensitive K + channels or through a mechanism beyond its channel blocker role. mTOR serves as an integrator of signals from nutrients, energy, growth factors and stress. Upon nutrient and energy abundance signals, or activation by growth factors including insulin or insulin-like growth factor (IGF), the activities of mTOR are elevated, thereby carrying out its role in promoting protein synthesis, anabolism and proliferation of cell and organisms. Whereas under deprivation of nutrients and energy, insufficient growth factor inputs, or existence of stress, mTOR is inactivated while autophagy is induced. Furthermore, in circumstances where mTOR is over activated and subsequently over phosphorylates and activates p70 S6K by excess food intake, a p70 S6K-dependent feedback loop is activated, which restrains the function of insulin receptor substrate 1 (IRS-1) and ultimately leading to insulin desensitization or adding to insulin resistance [33] . In this sense, glibenclamide-mediated down-regulation of the activities of p70 S6K may play a beneficial role in preventing the onset of insulin resistance in patients with excess food intake. But the degree of inhibition of p70 S6K actitivity must be delicately manipulated to avoid the adverse impact on the normal functions of it in protein synthesis.
An in-depth investigation into the biological roles and molecular mechanisms of autophagy in pancreatic betacells might help elucidating the pathophysiology of diabetes mellitus and exploring novel strategies for fighting this disease. It might be of research interest to use glibenclamide as a tool to study the molecular mechanism of autophagy in the development or prevention of diabetes.
CONCLUSION
Besides causing apoptosis of INS-1 rat insulinoma cells, glibenclamide induces autophagy. And autophagy may serve as a protective mechanism against glibenclamide-induced apoptosis in INS-1 cells. Therefore, the side-effect of glibenclamide in causing apoptosis of pancreatic beta cells might be alleviated via stimulating the autophagy machinery. 
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